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B*Z*+KI /?B B*I+K0 / ?/G(K?/+ F9)(K? E?*4@0 S&(*?&*) G4(B \F9)(K?G4(B_, / )0)G*M SK4 
)*&94* )'/4(?@ KS &KMI9G/G(K?, Z()9/+(a/G(K?, /?B B/G/ 4*)K94&*) KZ*4 G'* I?G*4?*G. SKM* KS 
G'* */4+0 I4KGKG0I* F9)(K?G4(B )*4Z(&*) I4KZ*B )K )9&&*))S9+ G'*0 /4* ?KE 9)*B (? / 
I4KB9&G(K? *?Z(4K?M*?G SK4 *Z*40B/0 S9)(K? 4*)*/4&'. T'* )9&&*)) KS KG'*4 I4KGKG0I* 
)*4Z(&*) '/) 4*)9+G*B (? S9)(K? 4*)*/4&' S9?B) <*(?@ 9)*B GK I94&'/)* ?*&*))/40 '/4BE/4* GK 
&4*/G* I4KB9&G(K? )*4Z(&*). F9G94* EK45 () I+/??*B GK /9@M*?G G'* )*4Z(&*) &944*?G+0 
/Z/(+/<+* E(G' F9)(K?G4(B, G4/?)(G(K? I4KGKG0I* )*4Z(&*) GK I4KB9&G(K? &/I/<(+(G0, /?B I9G (? 
I+/&* G'* (?S4/)G49&G94* GK )9IIK4G / +/4@*4 9)*4 </)*.  

1.  Introduction 

D*Z*+KI(?@ / 4*+(/<+* *?*4@0 )0)G*M G'/G () *&K?KM(&/++0 /?B *?Z(4K?M*?G/++0 
)9)G/(?/<+* () G'* +K?@-G*4M @K/+ KS F9)(K? E?*4@0 S&(*?&* \FES_ 4*)*/4&'. A) S9)(K? 
*PI*4(M*?G) '/Z* (?&4*/)*B (? )(a* /?B &KMI+*P(G0, G'*4* '/) <**? / &K?&944*?G @4KEG' (? G'* 
?9M<*4 /?B (MIK4G/?&* KS &K++/<K4/G(K?) /MK?@ +/4@* @4K9I) /G G'* *PI*4(M*?G/+ )(G*) /?B 
)M/++*4 @4K9I) +K&/G*B ?/G(K?E(B*. T*/M(?@ E(G' G'* *PI*4(M*?G/+ &KMM9?(G0 () / 
G'*K4*G(&/+ /?B )(M9+/G(K? &KMM9?(G0 E'K)* *SSK4G) 4/?@* S4KM /II+(*B /?/+0)() KS 
*PI*4(M*?G/+ B/G/ GK S9?B/M*?G/+ G'*K40 \*.@., 4*/+()G(& ?K?+(?*/4 3D I+/)M/ MKB*+)_. A) / 
4*)9+G KS G'* '(@'+0 &K++/<K4/G(Z* ?/G94* KS FES 4*)*/4&', G'* &KMM9?(G0 () S/&(?@ ?*E /?B 
9?(b9* &'/++*?@*). 

D*I+K0M*?G KS G'* I4KGKG0I* /?B I4KB9&G(K? F9)(K?G4(B (?S4/)G49&G94* c1,2,3d '/) <**? 
M/B* IK))(<+* G'4K9@' EK45 )9IIK4G*B <0 G'* DOE S&(DAC I4K@4/M /?B S4KM </)* S9?B(?@ 
SK4 FES 4*)*/4&'. S9<)G/?G(/+ I4K@4*)) '/) <**? M/B* (? B*I+K0(?@ F9)(K?G4(B. T'* 
TRANSP &KB* c4d, 9)*B SK4 G(M*-B*I*?B*?G /?/+0)() /?B )(M9+/G(K? KS GK5/M/5 I+/)M/), '/) 
<**? 4*+*/)*B /) / 4*MKG*+0 /&&*))(<+* F9)(K?G4(B &KMI9G/G(K?/+ )*4Z(&* /+K?@ E(G' 
)9IIK4G(?@ (?S4/)G49&G94* B*Z*+KIM*?G \B/G/ )GK4/@*, MK?(GK4(?@, 9)*4 GUI_ cLd. T'() 
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F9)(K?G4(B )*4Z(&* '/) <**? )K )9&&*))S9+ G'/G (G '/) <*&KM* G'* I4KB9&G(K? )0)G*M SK4 
TRANSP 9)* (? G'* U?(G*B SG/G*) /?B () )G/4G(?@ GK <* /BKIG*B (?G*4?/G(K?/++0. T'* A&&*)) 
G4(B \AG_ cNd '/) <**? B*I+K0*B /?B 9)*B /G M/[K4 S9)(K? *PI*4(M*?G) (? )9IIK4G KS 4*MKG* 
I/4G(&(I/G(K?. F94G'*4MK4*, I4K@4*)) '/) <**? M/B* (? )'/4*B /II+(&/G(K?) /?B B()I+/0) E(G' 
G*)G(?@ /?B 9)*4 S**B</&5 G'/G '/) '*+I*B )'/4I*? G'* 4*b9(4*M*?G) SK4 / G49+0 &K++/<K4/G(Z* 
&K?G4K+ 4KKM SK4 S9)(K? *PI*4(M*?G). 

TK B4/M/G(&/++0 /SS*&G G'* *SS(&(*?&0 KS *PI*4(M*?G/+ FES (G () ?*&*))/40 GK &KM<(?* G4(B 
&KMI9G(?@ E(G' 9?(b9* &K++/<K4/G(K? G*&'?K+K@(*) )9&' /) G'* AG /?B /II+(&/G(K? )'/4(?@. 
T'* &KM<(?/G(K? KS G'*)* G*&'?K+K@(*) (?GK / 9?(S(*B )&(*?G(S(& 4*)*/4&' *?Z(4K?M*?G () / 
B*M/?B(?@ /?B 9?(b9* &'/++*?@* /?B () K9G+(?*B (? G'* I/I*4 G'/G SK++KE). 

2. FusionGrid: Requirements and Challenges 

T'* Z()(K? SK4 F9)(K?G4(B () G'/G *PI*4(M*?G/+ /?B )(M9+/G(K? B/G/, &KMI9G*4 &KB*), 
/?/+0)() 4K9G(?*), Z()9/+(a/G(K? GKK+), /?B 4*MKG* &K++/<K4/G(K? GKK+) /4* GK <* G'K9@'G KS /) 
?*GEK45 )*4Z(&*). I? G'() MKB*+, /? /II+(&/G(K? )*4Z(&* I4KZ(B*4 \ASP_ I4KZ(B*) /?B 
M/(?G/(?) &KB*) /) E*++ /) 4*)K94&*) G'/G G'K)* &KB*) EK9+B *P*&9G* K?. T'() MKB* KS 
KI*4/G(K? '/) /BZ/?G/@*) SK4 <KG' G'* &+(*?G /?B G'* I4KZ(B*4] (G S4**) G'* &+(*?G) S4KM 
M/(?G/(?(?@ /?B 9IB/G(?@ )KSGE/4* /?B G'* I4KZ(B*4) S4KM IK4G(?@ /?B )9IIK4G(?@ (G K? / 
E(B* 4/?@* KS I+/GSK4M). I? G'() *?Z(4K?M*?G, /&&*)) GK )*4Z(&*) () )G4*))*B 4/G'*4 G'/? B/G/ K4 
)KSGE/4* IK4G/<(+(G0. CK?)*b9*?G+0, F9)(K?G4(B () ?KG SK&9)*B K? 9G(+(G0 &KMI9G(?@ \*.@., 
SETIe'KM*_ K4 B()G4(<9G*B )9I*4&KMI9G(?@ G'/G /4* G0I(&/+ [9)G(S(&/G(K?) SK4 G4(B 
&KMI9G(?@, <9G )(MI+0 K? M/5(?@ G'* ASP I/4/B(@M *SS*&G(Z* SK4 G4(B). 

T'* 9+G(M/G* @K/+ KS F9)(K?G4(B () GK /++KE )&(*?G()G) /G @*K@4/I'(&/++0 B()G4(<9G*B )(G*) 
GK I/4G(&(I/G* S9++0 (? *PI*4(M*?G/+ /?B &KMI9G/G(K?/+ /&G(Z(G(*), E'*G'*4 <0 &KB* *P*&9G(K? 
K4 I*4)K?/+ I/4G(&(I/G(K?, /) (S G'*0 E*4* EK45(?@ /G / &KMMK? )(G*. W* &/++ G'() Z()(K? G'* 
&K++/<K4/G(Z* GK5/M/5 &K?G4K+ 4KKM /?B *PI*&G G'/G (G E(++ B4/M/G(&/++0 (?&4*/)* G'* 
I4KB9&G(Z(G0 KS *PI*4(M*?G/+ )&(*?&*.  

T'* &K++/<K4/G(Z* &K?G4K+ 4KKM () &*?G*4*B K? G'* &0&+(&/+ ?/G94* KS *PI*4(M*?G/+ S9)(K? 
4*)*/4&' \F(@. 1_. I? /?0 @(Z*? B/0, 2Lf3L I+/)M/ I9+)*) /4* G/5*? E(G' /II4KP(M/G*+0 1R GK 
2R M(?9G*) (? <*GE**? */&' g1R )*&K?B I9+)*. FK4 *Z*40 I+/)M/ I9+)*, 9I GK 1R,RRR )*I/4/G* 
M*/)94*M*?G) Z*4)9) G(M* /4* /&b9(4*B /G )/MI+* 4/G*) S4KM 5Ha GK MHa, 4*I4*)*?G(?@ /<K9G 
/ @(@/<0G* KS B/G/. T'4K9@'K9G G'* *PI*4(M*?G/+ )*))(K?, '/4BE/4*^)KSGE/4* I+/)M/ &K?G4K+ 
/B[9)GM*?G) /4* M/B* /) 4*b9(4*B <0 G'* *PI*4(M*?G/+ )&(*?&*. T'*)* /B[9)GM*?G) /4* B*</G*B 
/?B B()&9))*B /MK?@ G'* *PI*4(M*?G/+ G*/M. D*&()(K?) SK4 &'/?@*) GK G'* ?*PG I9+)* /4* 
(?SK4M*B <0 B/G/ /?/+0)() &K?B9&G*B E(G'(? G'* 4K9@'+0 2R-M(?9G* <*GE**?-I9+)* (?G*4Z/+. 
T'() MKB* KS KI*4/G(K? I+/&*) / +/4@* I4*M(9M K? 4/I(B B/G/ /?/+0)() G'/G &/? <* /))(M(+/G*B 
(? ?*/4-4*/+ G(M* <0 / @*K@4/I'(&/++0 B()I*4)*B 4*)*/4&' G*/M. TK <* S9++0 S9?&G(K?/+, G'* 
&K++/<K4/G(Z* &K?G4K+ 4KKM 4*b9(4*) \1_ )*&94*B &KMI9G/G(K?/+ )*4Z(&*) G'/G &/? <* )&'*B9+*B 
/) 4*b9(4*B, \2_ G'* /<(+(G0 GK 4/I(B+0 &KMI/4* *PI*4(M*?G/+ B/G/ E(G' )(M9+/G(K? 4*)9+G), \3_ / 
M*/?) GK */)(+0 )'/4* (?B(Z(B9/+ 4*)9+G) E(G' G'* @4K9I <0 MKZ(?@ /II+(&/G(K? E(?BKE) GK / 
)'/4*B B()I+/0, /?B \4_ G'* /<(+(G0 SK4 4*MKG* )&(*?G()G) GK <* S9++0 *?@/@*B (? *PI*4(M*?G/+ 
KI*4/G(K?) G'4K9@' )'/4*B /9B(K, Z(B*K, /?B /II+(&/G(K?). 

D/G/ /?/+0)() GK )9IIK4G *PI*4(M*?G/+ KI*4/G(K?) (?&+9B*) <*GE**? I9+)* /?/+0)() KS 4/E 
/&b9(4*B B/G/ /) E*++ /) G'* M*4@(?@ KS ?9M*4K9) B/G/ )K94&*) SK4 E'K+*-B*Z(&* )(M9+/G(K? 
KS G'* *PI*4(M*?G/+ I+/)M/. R*)9+G) KS MK4* B*G/(+*B, &KMI9G/G(K?/++0 B*M/?B(?@ I4*B(&G(Z* 
)(M9+/G(K?), &/44(*B K9G B94(?@ G'* I+/??(?@ I'/)* I4(K4 GK G'* *PI*4(M*?G /4* M/B* /Z/(+/<+* 
SK4 &KMI/4()K? GK G'* /&G9/+ *PI*4(M*?G/+ 4*)9+G) (? 4*/+ G(M*. F9)(K?G4(B-</)*B 
&KMI9G/G(K?/+ )*4Z(&*) (? )9IIK4G KS *PI*4(M*?G/+ KI*4/G(K?) '/Z* G'* IKG*?G(/+ GK @4*/G+0 
*?'/?&* G'* b9/?G(G0 KS B/G/ /?/+0)() /?B G'* b9/+(G0 KS *PI*4(M*?G/+ )&(*?&*. ABB(G(K?/++0, 
G'() )/M* F9)(K?G4(B /4&'(G*&G94* &/? )9IIK4G KG'*4, MK4* &KMI9G/G(K?/+ B*M/?B(?@ )*4Z(&*) 
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G'/G /4* ?KG &/?B(B/G*) SK4 <*GE**?-I9+)* B/G/ /?/+0)(). T'*4*SK4*, S9)(K? )&(*?G()G) &/? +*/4? 
GK 9)* G'* G4(B SK4 /++ &KMI9G/G(K?/+ 4*b9(4*M*?G). 
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=ig0 ?0  A>peri"ent#l "#gnetic fusion is cyclic#l in n#ture Eith fusion pl#s"#s produced 
#ppro>i"#tely eGery HI "inutes0 M#chine control is physic#lly loc#ted on-site3 Kut other 
EorL c#n Ke done off-site #s #ppropri#te0 The coll#Kor#tiGe control roo" Eill #lloE the 
integr#tion of off-site t#sLs into e>peri"ent#l oper#tions0 

I? /BB(G(K? GK G*&'?(&/+ &'/++*?@*), G'* MK)G )*4(K9) &'/++*?@*) GK (MI+*M*?G(?@ 
F9)(K?G4(B K? / +/4@* )&/+* /4* ())9*) KS 9)/<(+(G0 /?B B*I+K0M*?G. I? B*I+K0M*?G, S(4*E/++) 
/4* &944*?G+0 K94 MK)G )*4(K9) ())9*. F(4*E/++) /?B 4*+/G*B )*&94(G0 M*/)94*) /4* G0I(&/++0 ?KG 
/ M/GG*4 KS &'K(&* SK4 G'* (?ZK+Z*B (?)G(G9G(K?). T'* (?G4KB9&G(K? KS S(4*E/++) (? G'* S9)(K? 
+/<) E/) M/?B/G*B <0 DOE K4B*4 2RL.1 (? /?)E*4 GK )*&94(G0 Z(K+/G(K?) /G G'* +/<). UG(+(a(?@ 
GT2-</)*B )*4Z(&*) K? / S(4*E/++-I4KG*&G*B )(G* 4*b9(4*) G'* KI*?(?@ KS / ?9M<*4 KS )G/G(& 
IK4G), /?B, MK4* )(@?(S(&/?G, /? 9?I4*B(&G/<+* ?9M<*4 KS B0?/M(&/++0 &'K)*? *I'*M*4/+ IK4G) 
&4*/G*B K?+0 SK4 / )I*&(S(& )*))(K?. A+G'K9@' )KM* KS G'*)* I4K<+*M) /4* 4*)K+Z*B (? GT3, 
)KM* I4K<+*M) I*4)()G. MK)G (MIK4G/?G, 9)*4) '/Z* SK9?B G'/G G'* /BB(G(K?/+ /9G'*?G(&/G(K? 
4*b9(4*B <0 S(4*E/++) E(G' S*&94ID K<Z(/G* G'* )(?@+* )(@?-K? /BZ/?G/@* GK G4(B &KMI9G(?@. 

3.  Grid Technologies in FusionGrid 

TK <* )9&&*))S9++0 B*I+K0*B, F9)(K?G4(B 4*b9(4*) / <4K/B 4/?@* KS &KMIK?*?G) (?&+9B(?@ 
9?B*4+0(?@ G4(B GKK+) /?B '9M/?-&KMI9G*4 (?G*4S/&*) G'/G M/5*) (G) 9)* )G4/(@'GSK4E/4B SK4 
S9)(K? )&(*?G()G). G4(B GKK+) ?**B*B (?&+9B* G'K)* )9IIK4G(?@ 9)*4 /?B 4*)K94&* /9G'*?G(-
&/G(K?i B()G4(<9G*B /9G'K4(a/G(K?, 4*)K94&* M/?/@*M*?G, /?B *?SK4&*M*?G GKK+) \GK @(Z* 
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)G/5*'K+B*4) &K?G4K+ KS 4*/+ /?B (?G*++*&G9/+ I4KI*4G0_i )*&94*B )'/4*B &KMI9G/G(K?/+ )*4Z(&*)i 
)'/4*B /II+(&/G(K?) /?B B()I+/0)i /?B '(@'-b9/+(G0, S+*P(<+* /9B(KZ()9/+ /II+(&/G(K?). 

3.1.  Tools 

F9)(K?G4(B &4*/G*) / Z(4G9/+ K4@/?(a/G(K? KS G'* U.S. S9)(K? &KMM9?(G0 E'K)* 4*)K94&*) 
/4* I4KG*&G*B <0 / )'/4*B )*&94(G0 (?S4/)G49&G94* </)*B K? /9G'*?G(&/G(K? /) E*++ /) 
/9G'K4(a/G(K? GK /++KE S(?*-@4/(?*B &K?G4K+ KS &KB*) /?B 4*)K94&*). A9G'*?G(&/G(K? () </)*B K? 
j.LRT (B*?G(G0 &*4G(S(&/G*) ())9*B <0 G'* DOE G4(B) C*4G(S(&/G* A9G'K4(G0 \CA_ /) G'* @+K</+ 
(B*?G(S(*4 SK4 F9)(K?G4(B M*M<*4). T'* G+K<9) TKK+5(Gk \GT2_ () *MI+K0*B <0 F9)(K?G4(B 
GK I4KZ(B* )*&94* /9G'*?G(&/G(K?, 4*MKG* [K< *P*&9G(K?, /?B &KMM9?(&/G(K? KZ*4 G'* KI*? 
I?G*4?*G. OS I/4G(&9+/4 <*?*S(G GK G'* 9)*4 &KMM9?(G0 () G'* )(?@+* )(@?-K? &/I/<(+(G0, )(?&* 
G'*0 ?**B K?+0 +K@-K? K?&*, ?K M/GG*4 'KE M/?0 )*4Z(&*) G'*0 9)*. GT2 () /+)K 9)*B SK4 
)G/4G(?@ 4*MKG* &KMI9G/G(K? /?B )*&94* B/G/ G4/?)S*4 <*GE**? S9)(K? &KB*) /?B B/G/</)*). 

I? K4B*4 GK *?/<+* &K?G4K++*B 4*)K94&* )'/4(?@, /? /9G'K4(a/G(K? &/++K9G E/) (MI+*M*?G*B 
(? GT2 G'/G *?SK4&*) [K< &4*/G(K? /) E*++ /) M/?/@*M*?G B*&()(K? cX,8d. ASG*4 *Z/+9/G(?@ / 
[K< &4*/G(K? 4*b9*)G )I*&(S(*B (? GT2l) R*)K94&* SI*&(S(&/G(K? L/?@9/@* \RSL_ (? G'* 
&K?G*PG KS /9G'K4(a/G(K? IK+(&(*), /? /9G'K4(a*B 9)*4 () /++KE*B GK &4*/G* / [K< G'/G &/? G'*? 
<* M/?/@*B <0 /?KG'*4 /9G'K4(a*B 9)*4 /&&K4B(?@ GK /@4**B-9IK? IK+(&*). T'*)* IK+(&(*) /4* 
*PI4*))*B (? /?B *Z/+9/G*B <0 G'* A5*?G( /9G'K4(a/G(K? )0)G*M cTd &/++*B S4KM G'* G+K<9) 
TKK+5(G c1Rd. A I4KB9&G(K? Z*4)(K? KS G'* GT2 &/++K9G '/) <**? 4*+*/)*B /?B () <*(?@ 
B*I+K0(?@ K? F9)(K?G4(B. 

 TK I4KZ(B* / <*GG*4 SK4M KS *?SK4&*M*?G SK4 /9G'K4(a/G(K? IK+(&(*) /?B GK /++*Z(/G* G'* 
/BM(?()G4/G(Z* <94B*? K? G'* /BM(?()G4/GK4) KS S9)(K? )(G*), E* '/Z* B*Z*+KI*B / I4KGKG0I* 
B0?/M(& /&&K9?G M/?/@*M*?G )0)G*M c11d. IG /++KE) / 9)*4, /9G'K4(a*B <0 (G) G4(B (B*?G(G0, GK 
&4*/G* / +K&/+ /&&K9?G K? / 4*)K94&* SK4 / +(M(G*B G(M*, /?B +/G*4 M/?/@* G'/G /&&K9?G, /@/(? 
</)*B K? /9G'K4(a/G(K?. A+G'K9@' G'() (?S4/)G49&G94* '/) ?KG 0*G <**? (?G*@4/G*B E(G' /? 
/9G'K4(a/G(K? )0)G*M /?B 9)*B (? I4KB9&G(K?, G'* I4KGKG0I* &KB* SK4 B0?/M(& /&&K9?G) () 
&944*?G+0 /Z/(+/<+* c12d. 

I? K4B*4 GK *?/<+* G'* <*GE**?-I9+)* *P*&9G(K? KS /?/+0)() /?B )(M9+/G(K? &KB*) /? 
/@4**M*?G-</)*B )0)G*M '/) <**? B*Z*+KI*B GK I4KZ(B* *?B-GK-*?B /@4**M*?G) K? <*GE**?-
I9+)* &KB* *P*&9G(K?. T'() )0)G*M &KM<(?*) 4*)K94&* 4*)*4Z/G(K?) c13d E(G' /II+(&/G(K? 
49?G(M* /?B B/G/ G4/?)S*4 I4*B(&G(K? GK I4KZ(B* /BZ/?&* *)G(M/G*) KS *P*&9G(K? G(M*) /?B G'* 
+*Z*+ GK E'(&' (G) &KMI+*G(K? &/? <* @9/4/?G**B. T'() EK45 '/) &K?G4(<9G*B GK G'* 
B*Z*+KIM*?G KS WS-A@4**M*?G /G G'* G+K</+ G4(B FK49M \GGF_ /?B '/) <**? B*MK?)G4/G*B 
/G SCR3. W'(+* G'* GT2 (MI+*M*?G/G(K? KS G'* G+K<9) TKK+5(G () 9)*B (? G'* I4KB9&G(K? 
F9)(K?G4(B, B0?/M(& /&&K9?G) I4KGKG0I* /?B <*GE**?-I9+)* &KB* *P*&9G(K? /4* <*(?@ 
B*Z*+KI*B (? GT3. 

D/G/ /&&*)) K? F9)(K?G4(B '/) <**? M/B* /Z/(+/<+* 9)(?@ G'* MDSP+9) B/G/ /&b9()(G(K? 
/?B B/G/ M/?/@*M*?G )0)G*M c14d, <0 S/4 G'* MK)G E(B*+0 9)*B /?B )9&&*))S9+ B/G/ 
/&b9()(G(K? /?B M/?/@*M*?G )0)G*M (? G'* (?G*4?/G(K?/+ S9)(K? &KMM9?(G0. MDSI+9) 
I4KZ(B*) / &K?Z*?(*?G M*G/B/G/ 4*I4*)*?G/G(K? /?B +/0*4 S/&(+(G/G(?@ S9)(K? B/G/ M/?/@*M*?G. 
MDSI+9) &KMM9?(&/G(K? '/) <**? +/0*4*B K? GKI KS G'* G+K<9) IO GK G/5* /BZ/?G/@* KS G'* 
G+K<9) S*&94(G0 I?S4/)G49&G94* \GSI_ /?B &4*/G* )*&94* B/G/ /&&*)) K? F9)(K?G4(B 9)(?@ G'* 
)G/?B/4B MDSI+9) (?G*4S/&* E(G'K9G /?0 +K)) (? )I**B K4 S9?&G(K?/+(G0. AG I4*)*?G, G'* G'4** 
M/(? MDSI+9) *PI*4(M*?G/+ B/G/ 4*IK)(GK4(*) /G A+&/GK4 CfMKB, DIIIfD, /?B NSTj /4* 
)*&94*+0 /Z/(+/<+* K? F9)(K?G4(B. D/G/ M/?/@*M*?G <0 MDSI+9) KS +/4@* B/G/)*G) @*?*4/G*B 
<0 )(M9+/G(K? &KB*) () <*(?@ G*)G*B. A++ /&&*)) GK 4*+/G(K?/+ B/G/</)*), E'(&' /4* E(B*+0 9)*B 
(? G'* S9)(K? I4K@4/M /?B G0I(&/++0 49? K? M(&4K)KSG W(?BKE) I+/GSK4M), () &944*?G+0 BK?* 
(?)*&94*+0 G'4K9@' MDSI+9) <*&/9)* / I4KB9&G(K? Z*4)(K? KS G'* G+K<9) TKK+5(G SK4 
W(?BKE) () 9?/Z/(+/<+*. 

W(G' M9+G(I+* /II+(&/G(K?) B()G4(<9G*B G'4K9@'K9G / G4(B (?S4/)G49&G94*, (G <*&KM*) / 
&'/++*?@* GK MK?(GK4 G'* I4K@4*)) /?B )G/G* KS */&' /II+(&/G(K?. U)*4) KS / G4(B *?Z(4K?M*?G 
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?**B GK 5?KE G'* )I*&(S(& )G/G* KS &KB* 49?), E'*? G'*(4 B/G/ 4*)9+G) /4* /Z/(+/<+*, K4 (S G'* 
4*b9*)G*B /II+(&/G(K? () *Z*? /Z/(+/<+*. TK G4/&5 /?B MK?(GK4 /II+(&/G(K?) K? F9)(K?G4(B, G'* 
F9)(K?G4(B MK?(GK4 \FGM_ '/) <**? B*Z*+KI*B /) / 6/Z/ )*4Z+*G G'/G &/? /&&*IG /?B MK?(GK4 
(?SK4M/G(K? S4KM 4*MKG* /?B B()G4(<9G*B /II+(&/G(K?) c1Ld. C944*?G+0, FGM G4/&5) TRANSP 
/?/+0)() 49?) K? G'* N/G(K?/+ F9)(K? G4(B /?B I4KZ(B*) 9IB/G*B (?SK4M/G(K? K? */&' 
(?B(Z(B9/+ 49?, (?&+9B(?@ &944*?G )G/G*, CPU G(M*, E/++ G(M*, &KMM*?G), /?B /&&*)) GK +K@ 
S(+*) G'/G '/Z* <**? I4KB9&*B <0 G'* /?/+0)(). T'* F9)(K? G4(B MK?(GK4(?@ )0)G*M '/) <9(+G 
GK I4KZ(B* 9)*4 K9GI9G G'4K9@' HTML, 9G(+(a(?@ <KG' )*4Z*4 I9)' /?B &+(*?G I9++ &/I/<(+(G(*). 
T'() /++KE) M9+G(I+* 9)*4) GK &K??*&G GK FGM, Z(*E G'*(4 &KB* 49?) <0 9)(?@ / E*< <4KE)*4, 
/?B K<G/(? 9IB/G*B (?SK4M/G(K? E(G'K9G *P&*))(Z* 9)*4 (?I9G K4 &+(*?G )KSGE/4*. D*)(@?*B (? 
G'* 6/Z/ +/?@9/@*, G'* MK?(GK4(?@ )0)G*M () IK4G/<+*i /?B E(G' G'* (?&+9)(K? KS G'* 6/Z/ 
EPI*4G S0)G*M S'*++ \6ESS_, G'* )0)G*M () /+)K *PI/?B/<+* /?B &9)GKM(a/<+*. O?+(?* /&&*)) 
GK +K@ S(+*) () /Z/(+/<+* G'4K9@' FGM, 9)(?@ /?K?0MK9) FTP. 

T'* A&&*)) G4(B () 9)*B <0 F9)(K?G4(B GK &4*/G* / )*4Z(&* G'/G *?/<+*) @4K9I-GK-@4K9I 
(?G*4/&G(K? /?B &K++/<K4/G(K? G'/G (MI4KZ*) G'* 9)*4 *PI*4(*?&* <*0K?B G*+*&K?S*4*?&(?@. T'* 
A&&*)) G4(B I4KZ(B*) )&(*?G(S(& 4*)*/4&' E(G' / &KMI+*P M9+G()(G* &K++/<K4/G(Z* *PI*4(*?&* 
(?G*@4/G*B E(G' '(@'-*?B Z()9/+(a/G(K? *?Z(4K?M*?G) (?&+9B(?@ G(+*B B()I+/0 E/++) c1Nd. TK 
M**G G'* ?**B) KS G'* FES 4*)*/4&' &KMM9?(G0, G'* P*4)K?/+ I?G*4S/&* GK G'* G4(B \PIG_ E/) 
B*Z*+KI*B, KSS*4(?@ / +KE-&K)G /+G*4?/G(Z* GK / S9++-)&/+* &K?S*4*?&* 4KKM )(a* AG ?KB*. 
C944*?G+0, PIG) /4* (?)G/++*B /G CfMKB /?B DIIIfD /?B / S9++-)&/+* AG ?KB* /G PPPL. MK)G 
(MIK4G/?G, / PIG E/) /+)K (?)G/++*B (? G'* DIIIfD &K?G4K+ 4KKM /?B E/) 9)*B (? / [K(?G 
*PI*4(M*?G <*GE**? CfMKB /?B DIIIfD. T'* (?(G(/+ G*)G I4KZ*B Z/+9/<+* (? G*4M) KS G'* 
IKG*?G(/+ SK4 )9&' &K++/<K4/G(K?, /?B E* I+/? GK M/5* )9&' &K++/<K4/G(K? )G/?B/4B. 

TK *?'/?&* &K++/<K4/G(K?, (? /BB(G(K? GK G4(B G*&'?K+K@(*) E* /4* 9)(?@ Z()9/+(a/G(K? 
G*&'?K+K@0. T(+*B B()I+/0 E/++) /4* <*(?@ 9)*B GK *?'/?&* G'* &K++/<K4/G(Z* EK45 
*?Z(4K?M*?G KS G'* GK5/M/5 &K?G4K+ 4KKM \F(@. 2_. SKSGE/4* GKK+) /?B G*&'?(b9*), )9&' /) 
EK45 K? (MI4KZ(?@ B/G/ B()G4(<9G(K? /?B )&/+/<(+(G0, /4* <*(?@ B*Z*+KI*B GK (?&4*/)* G'*(4 
*/)*fKSf9)* (? G'*)* *?Z(4K?M*?G). FK4 *P/MI+*, /) / I4KGKG0I* F9)(K?G4(B )*4Z(&*, 4*MKG* 
&K++/<K4/G(K? <*GE**? GEK @*K@4/I'(&/++0 )*I/4/G*B G(+*B E/++) E(G' ?*GEK45(?@ )KSGE/4* '/) 
<**? I4KGKG0I*B GK SK4M / )'/4*B &K++/<K4/G(Z* B()I+/0. W* /4* /+)K 9)(?@ G'* SCIR9? 
I4K<+*M )K+Z(?@ *?Z(4K?M*?G SK4 /BZ/?&*B )&(*?G(S(& Z()9/+(a/G(K?. S9&' / &/I/<(+(G0 /++KE) 
SK4 G'* *PI+K4/G(K? KS &KMI+*P )(M9+/G(K? 4*)9+G) /?B G'* &KMI/4()K? KS )(M9+/G(K? /?B 
*PI*4(M*?G/+ B/G/ E(G'(? G'* &K++/<K4/G(Z* &K?G4K+ 4KKM. 
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3.2.1.  User Interfaces 

F9)(K? )&(*?G()G) M/?9/++0 M/?/@* G'*(4 (B*?G(G0 &*4G(S(&/G*) 9)(?@ G'* DOE G4(B) 
&*4G(S(&/G* M/?/@*M*?G )0)G*M. BKG' G'* NFC I4K[*&G G*/M /?B S9)(K? )&(*?G()G) SK9?B G'* 
I4K&*)) GK <* &9M<*4)KM*, *)I*&(/++0 SK4 ?*E 9)*4). T0I(&/++0, 4*)*/4&'*4) 4*b9*)G / +K?@-
G*4M &*4G(S(&/G* G'4K9@' G'*(4 W*< <4KE)*4, *PIK4G G'* PKCSm12 S(+*, G4/?)S*4 G'* S(+* S4KM 
G'*(4 B*)5GKI &KMI9G*4 GK / UNIj 'K)G, 9)* OI*?SSL 9G(+(G(*) GK *PG4/&G G'* I4(Z/G* 5*0 /?B 
&*4G(S(&/G* S4KM G'* PKCSm12 S(+*, G'*? (?)G/++ G'K)* S(+*) (? G'* *PI*&G*B B(4*&GK40 9?B*4 G'* 
&K44*&G I*4M())(K?). T'() M9+G()G*I &KMI+*P I4K&*)) () / )*4(K9) 9)/<(+(G0 ())9* /?B I4*Z*?G) 
E(B*)I4*/B /BKIG(K? KS F9)(K?G4(B. A M0P4KP0 )*4Z*4 c1Xd E(++ <* I4KGKG0I*B /) / )K+9G(K? 
<0 )GK4(?@ G'* 9)*4l) +K?@-G*4M &4*B*?G(/+) K? / )*&94* 'K)G. T'* )G/?B/4B @4(B-I4KP0-(?(G 
&KMM/?B E(++ <* )9II+*M*?G*B E(G' / &KMM/?B G'/G E(++ 4*G4(*Z* / I4KP0 &*4G(S(&/G* S4KM 
G'* M0P4KP0 'K)G. T'* +K?@-G*4M &*4G(S(&/G*) E(++ <* I/))EK4B I4KG*&G*B. 

FK4 */)* KS 9)*, / GUI 9G(+(G0 &/++*B P4*TRANSP E/) &4*/G*B SK4 (?I9G B/G/ I4*I/4/G(K? 
/?B TRANSP &KB* (??KZ/G(K?. P4*TRANSP )*4Z*) /) G'* I4(M/40 (?G*4S/&* GK G4(B-*?/<+*B 
TRANSP /?B () E4(GG*? (? G'* I?G*4/&G(Z* D/G/ L/?@9/@* \IDL_. P4*TRANSP /))(@?) 9?(b9* 
49? (B ?9M<*4) GK ?*E TRANSP 49?), /++KE) 4*)*/4&'*4) GK )*/4&' G'4K9@' *P()G(?@ 49?), 
+K/B) (?I9G), )*?B) M*))/@*) GK G'* MK?(GK4(?@ )0)G*M, /?B )9<M(G) TRANSP [K<) SK4 4*MKG* 
*P*&9G(K? 9)(?@ G'* G+K<9) TKK+5(G. A++ KS G'*)* /&G(Z(G(*) *(G'*4 '/II*? <*'(?B G'* )&*?*) K4 
/4* &K?G4K++*B <0 G'* 9)*4 G'4K9@' G'* P4*TRANSP GUI. FK4 *P/MI+*, G'* M*&'/?()M SK4 
)9<M(GG(?@ / TRANSP [K< SK4 *P*&9G(K? () / +/4@*, S4(*?B+0 )G/4G <9GGK?. 

TRANSP MK?(GK4(?@ (?SK4M/G(K? () B()I+/0*B G'4K9@' G'* F9)(K? G4(B MK?(GK4 \FGM_.  
T'* FGM 9)*) )*4Z*4-I9)' G*&'?K+K@0 GK 9IB/G* &+(*?G E*< <4KE)*4) E'*? ?*E MK?(GK4(?@ 
(?SK4M/G(K? '/) <**? IK)G*B <0 TRANSP. TRANSP 9)*4) &/? MK?(GK4 G'* )G/G9) KS G'*(4 
&KB* 49?), Z(*E +K@ S(+*) G'4K9@' /? /?K?0MK9)-FTP M*&'/?()M, /?B I+KG 4*)9+G) /) G'*0 /4* 
<*(?@ &/+&9+/G*B, /++ G'4K9@' G'* FGM. T'* +K@ S(+*) /4* I4K&*))*B )*4Z*4-)(B*. T'* I+KGG(?@ 
S*/G94* () '/?B+*B G'4K9@' E+n(), / 6/Z/ /II+*G G'/G 49?) &+(*?G-)(B*. W* S(?B G'() W*<-</)*B 
(?G*4S/&* GK <* Z*40 &K?Z*?(*?G. 

C944*?G+0 G'*4* () ?K 9)*4 (?G*4S/&* SK4 *B(G(?@ /?B M/?/@(?@ /9G'K4(a/G(K? IK+(&(*) 
@KZ*4?(?@ /&&*)) GK TRANSP. F9)(K?G4(B '/) I4KGKG0I*B /9G'K4(a/G(K? 9)(?@ A5*?G(, <9G () 
&944*?G+0 ?KG 9)(?@ G'() S*/G94* (? I4KB9&G(K?. O94 &944*?G SK&9) () K? B*Z*+KI(?@ @KKB IK+(&0 
M/?/@*M*?G GKK+) /++KE(?@ / )*4Z(&* /BM(?()G4/GK4 */)0 9?B*4)G/?B(?@ KS IK+(&(*) /?B b9(&5 
4*/&G(K? GK IK+(&0 &'/?@*). T'() () KS I/4G(&9+/4 (MIK4G/?&* <*&/9)* E* /?G(&(I/G* G'/G 
/9G'K4(a/G(K? E(++ <*&KM* (?&4*/)(?@+0 (MIK4G/?G /) G'* ?9M<*4 KS )*4Z(&*) @4KE). 

3.2.2.  Software Interfaces 

T'* P4*TRANSP &+(*?G B*)&4(<*B (? G'* I4*&*B(?@ )*&G(K? 4*+(*) *P&+9)(Z*+0 K? G+K<9) 
TKK+5(G &KMM/?B-+(?* GKK+) )9&' /) @+K<9)-94+-&KI0, /?B @+K<9)-[K<-)9<M(G GK M/?/@* 
(?G*4/&G(K?) (? G'* G4(B. S*&94* MDSI+9), E'K)* (?G*4/&G(K?) /4* MK4* G(@'G+0 &K9I+*B, 
+*Z*4/@*) G'* @+K<9)o(K /?B @+K<9)o&KMMK? MKB9+*) G'/G )'(I E(G' G'* G+K<9) TKK+5(G. T'* 
4*)9+G () G'/G S*&94* MDSI+9) &/? )*&94*+0 G4/?)S*4 B/G/ E(G' ?K +K)) KS I*4SK4M/?&* 4*+/G(Z* 
GK ?K4M/+ MDSI+9). W* /4* /E/(G(?@ G'* 4*+*/)* KS jIO S*/G94*) G'/G E(++ /++KE 9) GK 
(?&K4IK4/G* MK4* /BZ/?&*B &KMM9?(&/G(K? &/I/<(+(G(*). 

TRANSP &/++) )*&94* MDSI+9) 9)(?@ G'* )G/?B/4B MDSI+9) C API 4K9G(?*) )9&' /) 
MB)&K??*&G /?B MB)Z/+9*. TRANSP () +(?5*B /@/(?)G )*&94* MDSI+9), /?B <0 *PG*?)(K? G'* 
G+K<9) TKK+5(G )'/4*B +(<4/4(*), /G &KMI(+* G(M*. A@/(?, G'() G(@'G &K9I+(?@ 4*)9+G) (? *SS(&(*?G 
B/G/ G4/?)S*4, /? (MIK4G/?G S*/G94* SK4 +/4@* )&(*?G(S(& &KB*). 

C944*?G+0, SJL S*4Z*4 () /&&*))*B G'4K9@' MIT-E4(GG*? IDL I4K&*B94*) G'/G 9)* 
&/++o*PG*4?/+. T'() &K??*&G(K? () ?KG *?&40IG*B /?B 9)*) K?+0 G'* )G/?B/4B SJL S*4Z*4 
)*&94(G0 S*/G94*). S(?&* / 4*+*/)* KS G+K<9) SK4 W(?BKE) () ?KG /Z/(+/<+*, )*&94* B/G/</)* 
&K??*&G(K?) /4* IK))(<+* K?+0 G'4K9@' G'* 9)* KS /? (?G*4M*B(/G* )*&94* MDSI+9) )*4Z*4. 
T'() (?G*4M*B(/40 )&'*M* E/) G*)G*B /?B EK45) E*++ *?K9@', <9G I*4SK4M/?&* () ?KG /) @KKB 
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<*&/9)* KS G'* (?G*4M*B(/G* )G*I. W'*? G'* (?G*4M*B(/G* )*&94* MDSI+9) )*4Z*4 49?) K? G'* 
SJL S*4Z*4 'K)G, M*MK40 /++K&/G(K?) /4* @4*/G+0 (?&4*/)*B )(?&*`E'*G'*4 K?* 9)*) &+(*?G-
)(B* K4 )*4Z*4-)(B* &94)K4)`/G +*/)G K?* &94)K4 E(++ <* 49??(?@ K? G'* )*4Z*4 M/&'(?* (? G'* 
(?G*4M*B(/40. IS G'* (?G*4M*B(/40 49?) *+)*E'*4*, G'*? G'* ?*GEK45 'KI) /4* (?&4*/)*B, /?B 
G'* (?G*4M*B(/40-SJL S*4Z*4 &K??*&G(K?) /4* +*SG 9?*?&40IG*B. 

3.3.  Performance Considerations 

TEK I*4SK4M/?&* &K?)(B*4/G(K?) '/Z* <*&KM* /II/4*?G E(G' G'* (?(G(/+ B*I+K0M*?G KS 
F9)(K?G4(B. T'* S(4)G () G'* I*4SK4M/?&* )+KEBKE? 4*)9+G(?@ S4KM WAN +/G*?&0 KS M/?0 
B/G/ G4/?)/&G(K?) I*4 TRANSP &KMI9G/G(K?. T'* (?I9G /?B K9GI9G B/G/ SK4 TRANSP () ?KG 
+/4@* (? GKG/+, <9G G'*4* /4* K? G'* K4B*4 KS 1RRR B(SS*4*?G b9/?G(G(*) GK MKZ* KZ*4 G'* WAN 
Z(/ MDSI+9). FK4 <*GE**?-I9+)* B/G/ I4K&*))(?@ /?B B(@*)G(?@ KS 4*)9+G) <0 G'* *PI*4(M*?G/+ 
G*/M, G'* )+KEBKE? E/) 9?/&&*IG/<+*. I?)G*/B, G'* (?B(Z(B9/+ b9/?G(G(*) E*4* I/&5/@*B (? 
K?* S(+* SK4 WAN G4/?)S*4. T'* )*&K?B () G'* I*4SK4M/?&* )+KEBKE? /))K&(/G*B E(G' 
/II+(&/G(K? )'/4(?@ E(G' 4*MKG* 9)*4). I?(G(/+ S**B</&5 S4KM G*)G(?@ (?B(&/G*) G'/G K?-)(G* 
I*4)K??*+ &K?)(B*4 G'* I4*)*?G )+KEBKE? 9?/&&*IG/<+*. WK45 &K?G(?9*) GK b9/?G(S0 <KG' KS 
G'*)* I*4SK4M/?&* ())9*) /?B (?Z*)G(@/G* M*G'KBK+K@(*) SK4 KZ*4&KM(?@ G'* +(M(G/G(K?). 

4.  FusionGrid Applications 

T'* &KB* TRANSP, 9)*B SK4 G(M*-B*I*?B*?G /?/+0)() /?B )(M9+/G(K? KS GK5/M/5 
I+/)M/), E/) 4*+*/)*B (? +/G* 2RR2 /) / )*4Z(&* K? F9)(K?G4(B. R9??(?@ K? / L(?9P &+9)G*4 /G 
P4(?&*GK? P+/)M/ P'0)(&) L/<K4/GK40 \PPPL_, G'() F9)(K?G4(B )*4Z(&* '/) I*4SK4M*B KZ*4 
1,LRR )(M9+/G(K?) G/5(?@ KZ*4 1R,RRR CPU-'K94) SK4 T B(SS*4*?G *PI*4(M*?G/+ S9)(K? B*Z(&*) 
\F(@. 3_. BKG' G'* (?I9G B/G/ /?B K9GI9G B/G/ KS TRANSP /4* )*&94*+0 E4(GG*? /?B 4*/B S4KM 
/? MDSI+9) /?B SJL B/G/ 4*IK)(GK40. MK?(GK4(?@ /?B G4/&5(?@ KS G'*)* 49?) '/Z* <**? 
/&&KMI+()'*B G'4K9@' G'* B*I+K0M*?G KS G'* F9)(K?G4(B MK?(GK4(?@ S0)G*M \FGM_, / 
B*4(Z/G(Z* KS G'* D/G/ A?/+0)() MK?(GK4(?@ S0)G*M 9)*B /G DIIIfD.  
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4. TRANSP reads input

5. TRANSP runs with monitoring
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D*I+K0M*?G KS TRANSP K? F9)(K?G4(B S4**) )&(*?G()G) S4KM G'* ?**B GK <9(+B /?B 
M/(?G/(? +K&/+ Z*4)(K?) KS / +/4@* /?B &KMI+*P &KB* /?B, /G G'* )/M* G(M*, */)*) G'* <94B*? 
K? G'* &KB* B*Z*+KIM*?G G*/M, E'(&' E/) I4*Z(K9)+0 4*b9(4*B GK I4KZ(B* )9IIK4G K? / '(@'+0 
'*G*4K@*?*K9) )*G KS 4*MKG* M/&'(?*). F94G'*4, G'* G4(B (MI+*M*?G/G(K? *?/<+*B 9)*4) GK 
I*4SK4M )(@?(S(&/?G+0 MK4* &/+&9+/G(K?), 4*)9+G(?@ (? MK4* 4/I(B I4K@4*)) G'/? I4(K4 GK G'* 
B*I+K0M*?G KS F9)(K?G4(B. S&(*?G(S(& 4*)9+G) 9)(?@ F9)(K?G4(B E*4* I4*)*?G*B /G G'* 2RR2 
/?B 2RR3 AM*4(&/? P'0)(&/+ SK&(*G0 D(Z()(K? KS P+/)M/ P'0)(&) \APS^DPP_ M**G(?@) /?B 
G'* 2RR2 1TG' IAEA F9)(K? E?*4@0 CK?S*4*?&*. T'* )*4Z(&* I4KZ*B *PG4*M*+0 IKI9+/4 (? K94 
&KMM9?(G0 E(G' /G I4*)*?G /II4KP(M/G*+0 LR F9)(K?G4(B 9)*4) E(G' )*Z*4/+ </)*B (? E94KI*. 

I? / )(M(+/4 M/??*4 (? E'(&' G'* G+K<9) TKK+5(G E/) &KM<(?*B E(G' S9)(K? )&(*?&*-
)I*&(S(& GKK+) /?B (?G*4S/&*) GK 4*+*/)* G'* TRANSP )*4Z(&*, G'* AG ?KB* '/) <**? &KM<(?*B 
E(G' S9)(K?-)I*&(S(& B()I+/0) /?B /II+(&/G(K? )'/4(?@ GK &4*/G* G'* )*4Z(&* SK4 4*MKG* 
*PI*4(M*?G/+ I/4G(&(I/G(K?. I? K4B*4 GK <* *SS*&G(Z*, 4*MKG* I/4G(&(I/G(K? M9)G (?&+9B* 4*/+-
G(M* (?SK4M/G(K? GK 0(*+B / )*?)* KS &K?G4K+ 4KKM I4*)*?&*. T'() () &4(G(&/+ SK4 KSS-)(G* 
)&(*?G()G) GK *SS*&G(Z*+0 I/4G(&(I/G* (? /? *PI*4(M*?G /?B M9)G (?&+9B* /++ 4*/+-G(M* B/G/ 
B()I+/0*B GK K?-)(G* )G/SS. S*?)* KS I4*)*?&* (?&+9B*) G'* /<(+(G0 GK )** /?B '*/4 E'/G I*KI+* 
)** /?B '*/4 (? G'* &K?G4K+ 4KKM. EZ*? MK4* (MIK4G/?G GK / 4*MKG* &K++/<K4/GK4 () G'* 
(?SK4M/G(K? S+KE G'4K9@'K9G G'* GE*?G0-M(?9G* I9+)* &0&+*. T'() (?SK4M/G(K? (?&+9B*) G'* 
I9+)* &0&+*^)G/G9) &+K&5, I9+)* I/4/M*G*4), )G/G9) KS <*GE**?-I9+)* /?/+0)(), /?B 
/??K9?&*M*?G) S4KM G'* )&(*?G()G (? &'/4@*. 

T'* F9)(K?G4(B 4*b9(4*M*?G SK4 4*)*/4&'*4) GK 4*MKG*+0 I/4G(&(I/G* (? *PI*4(M*?G/+ 
KI*4/G(K?) '/) <**? G*)G*B E(G' G'* B*)5GKI AG ?KB* &KM<(?*B E(G' G'* /<(+(G0 GK )'/4* 
/II+(&/G(K?). ABB(G(K?/++0, 4*/+-G(M* &K?G4K+ 4KKM (?SK4M/G(K? () &944*?G+0 M/B* /Z/(+/<+* GK 
4*MKG* I/4G(&(I/?G) G'4K9@' / S9)(K?-)I*&(S(& W*< (?G*4S/&*. T'* GK5/M/5 &K?G4K+ &KMI9G*4 
'/) G'* I9+)* &0&+* (?SK4M/G(K? /?B I+/)M/ &K?G4K+ I/4/M*G*4). W'(+* (G )*?B) G'* 
(?SK4M/G(K? GK G'* +/4@* LED B()I+/0 (? G'* &K?G4K+ 4KKM, (G /+)K E4(G*) G'* )/M* B/G/ B(4*&G+0 
GK / W*< )*4Z*4 G'/G I/4)*) G'*M (?GK / 4*/)K?/<+* SK4M/G SK4 B()I+/0 K? G'* W*< I/@*. T'* 
W*< &+(*?G &'*&5) E(G' G'* E*< )*4Z*4 I*4(KB(&/++0 /?B 9IB/G*) G'* )G/G9) /&&K4B(?@+0. 
I?G*@4/G*B (? G'* )/M* B()I+/0 () / b9(&5 Z(*E KS G'* B/G/ /&b9()(G(K? /?B /?/+0)() )G/G9). 
W'*?*Z*4 / @4K9I KS B/G/ <*&KM*) /Z/(+/<+*, G'* &K44*)IK?B(?@ (?B(&/GK4 &'/?@*) &K+K4. T'* 
)G/G9)*) /4* M/B* /Z/(+/<+* <0 G'* MDSI+9) *Z*?G )0)G*M G'/G B4(Z*) G'* /?/+0)() &0&+*. 
T'*4*SK4*, 4*MKG* )&(*?G()G) &/? &KM<(?* G'* AG ?KB*, )'/4*B /II+(&/G(K?, /?B W*< B()I+/0 
SK4 / S9++ )*?)* KS &K?G4K+ 4KKM I4*)*?&*, 4*)9+G(?@ (? G'*(4 &KMI+*G* (?G*@4/G(K? (?GK G'* 
B*&()(K?-M/5(?@ I4K&*)) KS G'* *PI*4(M*?G/+ &K?G4K+ 4KKM. 

5.  Lessons Learned 

T'* 4*/+-EK4+B 9)* /?B G*)G(?@ KS F9)(K?G4(B )*4Z(&*) '/Z* '(@'+(@'G*B )*Z*4/+ /4*/) 
E'*4* /BB(G(K?/+ EK45 () 4*b9(4*B <*SK4* +/4@*-)&/+* /BKIG(K? () 9?B*4G/5*? (? G'* S9)(K? 
&KMM9?(G0. F(4)G /?B SK4*MK)G, G'* M/?/@*M*?G KS &*4G(S(&/G*) '/) GK <* M/B* )(MI+*4 /?B 
*/)(*4 SK4 <KG' G'* )*4Z(&* 9)*4 /?B G'* )*4Z(&* I4KZ(B*4. A 4*)*/4&'*4l) S(4)G *PI*4(*?&* E(G' 
F9)(K?G4(B () K<G/(?(?@ /?B (?)G/++(?@ / j.LRT &*4G(S(&/G*. P4*)*?G B(SS(&9+G(*) M9)G <* 
4*)K+Z*B )K G'* )&(*?G()Gl) S(4)G (MI4*))(K? E(++ <* IK)(G(Z*. 

T'* &K?S+(&G(?@ 4*b9(4*M*?G) KS G4(B &KMI9G(?@ /?B )(G* )*&94(G0 \S(4*E/++)_ M/5*) 
*PI/?)(K? KS F9)(K?G4(B )*4Z(&*) / G(M*-&K?)9M(?@ G/)5 /?B K?* G'/G BK*) ?KG )&/+* GK KZ*4 
1,RRR U.S.-</)*B )&(*?G()G). TK /ZK(B *P&*))(Z* *PIK)94* <0 KI*?(?@ G'* S(4*E/++, )(G* 
/BM(?()G4/GK4) E(++ KSG*? KI*? IK4G) K?+0 GK )I*&(S(& IP /BB4*))*) \(?)9SS(&(*?G GK )9IIK4G 
B0?/M(& &+(*?G /&&*)) (? G'* G4(B_ K4 9)* (G (? &K?[9?&G(K? E(G' KG'*4 G*&'?K+K@(*), )9&' /) 
S*&94ID. T'* 9)* KS S*&94ID /++KE) SK4 MK4* S+*P(<(+(G0 <*&/9)* / )*))(K? () *)G/<+()'*B 
</)*B K? / GK5*? /?B G'*? G'* S(4*E/++ () B0?/M(&/++0 MKB(S(*B GK KI*? / )*G KS IK4G) SK4 
G4/SS(& &KM(?@ S4KM G'* IP G'/G *)G/<+()'*B G'* )*&94* )*))(K?. T'* IK4G) G'/G @*G KI*?*B /4* 
B*S(?*B (? G'* I4KS(+* KS G'* 9)*4 \?*@KG(/G*B K9G KS </?B_ E'K *)G/<+()'*B G'* )*&94* )*))(K?.  
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A+G'K9@' MK4* S+*P(<+* G'/? 4*+0(?@ K? )G/G(& S(4*E/++ &K?S(@94/G(K?, 'KE*Z*4, G'* S*&94ID 
)K+9G(K? '/) (G) KE? I4K<+*M). T'* IK4G) @*G KI*?*B SK4 / S(P*B, I4*&K?S(@94*B G(M* K?+0. 
ASG*4 G'/G G(M* G'* )*&94* )*))(K? () G*4M(?/G*B /?B &/? <* 4**)G/<+()'*B K?+0 M/?9/++0, / 
I4K&*)) G'/G 4*)9+G) (? G*4M(?/G(K? KS /++ *P()G(?@ &K??*&G(K?) /?B G'*(4 )G/G*, G'*4*<0 
G*4M(?/G(?@ /? *P()G(?@ G4(B )*))(K?. A MK4* )*4(K9) I4K<+*M () G'/G *Z*40 (?)G(G9G(K? (? / 
G4(B E(++ G0I(&/++0 '/Z* (G) KE? S*&94ID )0)G*M )K G'/G *)G/<+()'(?@ &K??*&G(K?) GK GEK 
(?)G(G9G(K?) 4*b9(4*) GEK S*&94ID &/4B), (?&4*/)(?@ G'* &KMI+*P(G0 G'* 9)*4 ?**B) GK B*/+ 
E(G'. C+*/4+0 G'() G0I* KS (?B*I*?B*?G S*&94ID )0)G*M BK*) ?KG )&/+* SK4 / ?/G(K?/+ 
B*I+K0M*?G KS F9)(K?G4(B. 

ESS(&(*?G B/G/ M/?/@*M*?G KS +/4@* )(M9+/G(K? B/G/)*G) () 4*b9(4*B )K G'/G 4/I(B 
&KMI/4()K? KS )(M9+/G(K? B/G/ GK *PI*4(M*?G/+ B/G/ () IK))(<+* (? G'* GK5/M/5 &K?G4K+ 4KKM. 
I? K4B*4 GK /&&KMMKB/G* +/4@*-)&/+* )(M9+/G(K?), / ?*E MDSI+9) )*4Z*4 '/) <**? (?)G/++*B 
/?B &K?S(@94*B /G NERSC. P*4SK4M/?&* G*)G(?@ E(++ )G/4G 9)(?@ G'* NIMROD &KB* 49??(?@ 
K? G'* S*/<K4@ &KMI9G*4. I?&+9B*B E(++ <* G*)G) KS MDSI+9) I^O I*4SK4M/?&* &KMI/4(?@ 
+K&/+ LAN /?B WAN &K??*&G(K?) 9)(?@ / Z/4(*G0 KS G4/?)IK4G +*Z*+). CKMI/4()K?) E(G' KG'*4 
B/G/ G4/?)IK4G M*&'/?()M), ?KG/<+0 HDFL E(G' G4(BFTP E(++ /+)K <* &/44(*B K9G.  

I?(G(/+ G*)G(?@ /?B 9)/@* KS )'/4*B /II+(&/G(K?) (? G'* &K?G4K+ 4KKM (B*?G(S(*B *SS(&(*?&0 
())9*) G'/G M9)G <* 4*)K+Z*B <*SK4* G'* &/I/<(+(G0 () /BKIG*B SK4 G'* &K?G4K+ 4KKM. F**B</&5 
S4KM )&(*?G()G) (? G'* &K?G4K+ 4KKM (?B(&/G*B G'/G E'*? G'*0 <*@/? )'/4(?@ E(G' 4*MKG* 9)*4), 
G'*0 G'*M)*+Z*) <*@/? GK S**+ /) (S G'*0 E*4* 4*MKG*+0 +K&/G*B <*&/9)* G'*(4 &KMI9G*4 
4*)IK?)* <*&/M* )(@?(S(&/?G+0 )+KE*4. G(Z(?@ / 4*MKG* )&(*?G()G / ?*E &/I/<(+(G0 /G G'* 
*PI*?)* KS K?-)(G* )G/SS () ?KG /&&*IG/<+*. 

I? G'* S9)(K? &K?G4K+ 4KKM *?Z(4K?M*?G, /M<(*?G /9B(K &/? <* B()G4/&G(?@ GK / 
&K++/<K4/G(Z* )*))(K?i G'() 4*B9&*) G'* *SS*&G(Z*?*)) KS G'* A&&*)) G4(B) /9B(K )0)G*M. 
I)K+/G(?@ G'* A&&*)) G4(B 9)*4) E(G' '*/B)*G) () K?* E/0 GK (MI4KZ* G'* /9B(K I4KZ(B*B <0 
G'* A&&*)) G4(B. T'() '/) GEK /BZ/?G/@*). F(4)G, (S G'*4* () ?K /M<(*?G /9B(K K9GI9G, G'* *&'K 
&/?&*++/G(K? '/4BE/4* () ?KG ?**B*B, E'(&' )/Z*) &K)G. S*&K?B, (G I4KZ(B*) */&' 9)*4 E(G' / 
B*B(&/G*B /9B(K &'/??*+ B*+(Z*4*B B(4*&G+0 GK G'*M, 4*MKZ(?@ B()G4/&G(K?) S4KM /M<(*?G 
?K()*. T'* B()/BZ/?G/@* GK G'() /II4K/&' () (G G*G'*4) G'* 9)*4 GK G'* B*)5 /?B (? G'* &/)* KS 
'*/BI'K?*-</)*B )0)G*M) (?'(<(G) G'* 9)*4l) /<(+(G0 GK (?G*4/&G E(G' +K&/+ &K++/<K4/GK4). T'* 
IK))(<+* KS 9)(?@ B+9*GKKG' '*/B)*G) SK4 I4KZ(B(?@ (?B(Z(B9/++0 B*+(Z*4*B I9<+(& /9B(K 
&'/??*+ '/) <**? I4KIK)*B. T'() &K9+B SK4M G'* </)() SK4 S9G94* EK45 (? I4(Z/G* /9B(K 
&'/??*+) +*/B(?@ GK G'* )9IIK4G KS M9+G(I+* /9B(K &'/??*+) E(G'(? /? A&&*)) G4(B 
*?Z(4K?M*?G. 

T'* (?&4*/)(?@ 9)*4 </)* KS F9)(K?G4(B &KM<(?*B E(G' G'* /BB(G(K? KS ?*E )*4Z(&*) E(++ 
4*b9(4* <*GG*4 *B9&/G(K?, G4/(?(?@, /?B BK&9M*?G/G(K?. U)*4), B*Z*+KI*4), /?B )0)G*M) 
/BM(?()G4/GK4) E(++ ?**B /&&*)) GK &49&(/+ (?SK4M/G(K? (? K4B*4 GK M/5* <*)G 9)* KS 
F9)(K?G4(B. T'() (?SK4M/G(K? '/) <**? I4KZ(B*B MK)G+0 <0 EK4B KS MK9G' <0 I4K[*&G 
M*M<*4) <9G G'() )K+9G(K? BK*) ?KG )&/+* SK4 / M*M<*4)'(I K? G'* K4B*4 KS 1RRR. TK <* 
)9&&*))S9+, / 9)*4) @9(B*, / B*Z*+KI*4) @9(B*, /?B /? /BM(?()G4/GK4) @9(B* E(++ ?**B GK <* 
&4*/G*B SK4 F9)(K?G4(B.  

6.  Conclusion 

T'* M/(? G'49)G KS S9G94* EK45 SK4 F9)(K?G4(B () /(M*B GKE/4B */)* KS 9)*, (?&+9B(?@ 
*/)(*4 &*4G(S(&/G* M/?/@*M*?G, */)(*4 /?B MK4* 9?(SK4M /&&*)) (?GK F9)(K?G4(B &KB* )*4Z(&*) 
IK))(<+0 Z(/ W*< IK4G/+), /?B <*GG*4 (?G*4I+/0 <*GE**? F9)(K?G4(B )*&94(G0 /?B )(G* )*&94(G0 
\S(4*E/++)_. AG G'* )/M* G(M*, ?*E &KB* )*4Z(&*) E(++ <* B*I+K0*B /) 4*b9*)G*B <0 G'* 9)*4 
&KMM9?(G0. FK4 F9)(K?G4(Bl) /BZ/?&*B &K++/<K4/G(K? )*4Z(&*, G'* &'/++*?@* () GK B*Z*+KI / 
)&(*?&* KS &K++/<K4/G(K?] GK 9?B*4)G/?B E'/G EK45) /?B E'0 \'9M/? S/&GK4) /?B )K&(/+ 
())9*)_, E'/G S9?&G(K?/+(G0 () ?**B*B, /?B 'KE )'K9+B (G <* (?G*4S/&*B GK G'* 9)*4) /) I/4G KS 
F9)(K?G4(B. 
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A) G4(B M(BB+*E/4* *ZK+Z*), G'*4* () / &K?&*4? G'/G G40(?@ GK )/G()S0 /++ IK))(<+* G4(B 9)* 
)&*?/4(K) E(++ 4*)9+G (? *P&**B(?@+0 &KMI+*P )KSGE/4*. S(MI+* )KSGE/4* G'/G b9(&5+0 /++KE) 
9)*4) /?B )*4Z(&* I4KZ(B*4) GK [K(? F9)(K?G4(B E(++ <* )**? /) /? /BZ/?G/@*i G'* <*?*S(G KS 
[K(?(?@ S/4 K9GE*(@') G'* G(M* 4*b9(4*B GK [K(?. M/(?G/(?(?@ G(@'G+0 &K9I+*B )KSGE/4*, /G /++ 
+*Z*+), G'/G &K?G/(?) K?+0 E'/G () 4*b9(4*B E(++ <* G'* <*)G E/0 GK *?)94* G'/G F9)(K?G4(B 
*ZK+Z*) (?GK / )G4*/M+(?*B *SS(&(*?G )0)G*M SK4 G'* U.S. S9)(K? &KMM9?(G0. 
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